Oxidative stress exerts major role in the pathogenesis of side effects of many antineoplastic drugs, including ototoxicity of cisplatin. In particular, increased levels of reactive oxygen species (ROS) represent one of the molecular mechanisms underlying the apoptosis of different types of hearing cells. Antioxidants and ROS scavengers may thus represent potential therapeutic options to prevent platinum-associated ototoxicity.
Introduction
Oxidative stress exerts major role in both tumor growth and anticancer therapy [1] .
Increased levels of reactive oxygen species (ROS) may contribute to tumor formation and are required for the aberrant proliferation of cancer cells. To counteract the accumulation of high ROS concentrations, which otherwise would induce severe cellular damage and death, cancer cells display enhanced antioxidant capacity. Nevertheless, they are still characterized by higher oxidative stress status than normal cells, making them more susceptible to agents that cause further ROS accumulation, such as taxanes, vinca alkaloids, anthracyclines, and platinum coordination complexes [2, 3, 4] . However, the ROS accumulation in normal tissues can be cause of toxicity and some side effects of these drugs. For example, the doxorubicin-mediated cardiotoxicity underlies the competition between the drug and coenzyme Q10 for the electron transport chain in the inner membrane of cardiac mitochondria [2] .
In this context, cisplatin was associated with many severe dose-limiting side effects [5] that are related (e.g. nephrotoxicity, neurotoxicity, and ototoxicity) or not (bone-marrow suppression, and hepatotoxicity) to the production of ROS. Many of the reported side effects can be actively counteracted in the clinics, but no effective treatments to prevent ototoxicity have been up to now introduced. Cisplatin mediated ototoxicity is usually bilateral, sensorineural and considered permanent once established, and the most common symptoms are hearing loss and tinnitus.
The ototoxicity is directly correlated with the cumulative dose of administered drug, having the etiology in the cisplatin dose-dependent and ROS-mediated apoptosis of cochlear hair cells, supporting cells, marginal cells of the stria vascularis, and spiral ganglion cells [6] .
Antioxidants, ROS scavengers, or anti-inflammatory drugs may thus represent potential therapeutic options to prevent platinum-associated ototoxicity. Among these, the supplementation of water-soluble coenzyme Q10 (Q10 terclatrate − QTer ® ) was already able to prevent in animals [7, 8, 9, 10] and human volunteers [11, 12] both noise-induced hear loss (NIHL) and gentamycin mediated ototoxicity, which have a similar ROS mediated etiology. Moreover, the same strategy was reported to exert significant improvements of hearing thresholds at 1000 Hz, 2000 Hz, 4000 Hz, and 8000 Hz in patients with presbycusis [13, 14] .
Based on these evidences, the aim of this preliminary case-control study was to explore the feasibility of a dietary supplementation of QTer ® plus multivitamins and other ingredients in order to hamper the ototoxicity in patients undergoing cisplatin chemotherapy. In preparation to a larger scale efficacy study, here we focalized our attention on a limited number of patients, who were followed for the first three cycles of chemotherapy and monitored for the occurrences of otological symptoms as well as for their oxidative stress status.
Materials and methods

Patients and treatment
From January 2013 to June 2014, 26 adult patients belonging to the Micone Hospital (Genoa − Sestri Ponente, Italy) were enrolled in this randomized pilot study ( Table 1 ). The inclusion criterion was the diagnosis of cancer eligible for the treatment with cisplatin as single agent or with radiotherapy. Madsen Electronic) in a soundproof room. The pure-tone thresholds for each ear were measured at frequencies of 250, 500, 1000, 2000, 4000, and 8000 Hz.
Diagnosis of otological disorders (e.g. hearing loss) after cisplatin treatment was performed by comparing the recorded thresholds for each patient. The presence of tinnitus was detected on the basis of patient perceptions.
Reactive oxygen metabolites and antioxidants in blood
Blood samples were collected before the beginning of the chemotherapy schedule and before every cisplatin administration, in order to measure the status of oxidative stress. After collection, plasma samples were stored at −80°C until their analysis.
The oxidative stress was evaluated by means of d-ROMs test [16, 17, 18] , which spectrophotometrically quantifies in the samples the presence of hydroperoxide derivatives (e.g. alkoxy and hydroperoxyl radicals). The results were expressed in arbitrary unit known as Carratelli unit (U-CARR), defined as the oxidative potential of 0.08 mg H 2 O 2 /dL [16, 19] .
The antioxidant capacity of plasma to reduce ferric iron to ferrous iron were evaluated spectrophotometrically by means of anti-ROMs [20, 21] test. It quantifies the concentration of fast-acting antioxidants, e.g. Vitamin C and Vitamin E (rapid anti-ROMs) and then the amount of slow antioxidants, such as thiol (-SH) groups and uric acid (slow anti-ROMs). The results were expressed in μEqFe
2+
/L using ascorbic acid as standard [22] .
Both tests were performed according to the manufacturer instruction (Diacron Labs S.r.l., Grosseto, Italy) and using a free radical elective evaluator (F.R.E.E.; Diacron Labs S.r.l.).
Statistical analysis
The differences in hearing threshold were compared between groups by means of Independent Sample t-Test whereas incidences of hearing disorders and tinnitus were compared by means of Fisher's Exact Test. Differences among groups in dROMs, rapid anti-ROMs, and slow anti-ROMs throughout chemotherapy were detected by means of linear regression comparison (slope and elevation tests). All analyses were carried out with GraphPad Prism version 6.0e (GraphPad Software, San Diego, CA), with P < 0.05 as the significant cut-off.
Results
Patients
Amongst the enrolled twenty-six patients, eighteen received concomitant radiotherapy. All patients were classified according to the TNM classification system and their respective main characteristics were reported in Table 1 . After randomization, patients were followed for a mean period of 4 months. Patients underwent to 3 cycles of chemotherapy with an average of 462 mg cisplatin for each administration. No statistical differences were detected between the two group populations (Table 2 ).
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Hearing disorders
The analysis of the tonal audiometry demonstrated a higher hearing impairment in control patients if compared to those undergoing dietary antioxidant supplementation (Fig. 1A) . A statistically significant difference was detectable analyzing the functionality of the right ear at 8000 Hz frequency: in Controls, the hearing threshold level was increased of 20.0 ± 16.2 dB, while in Supplemented group the threshold augment of 6.9 ± 11.8 dB (P < 0.05). A similar trend was also detected for the left ear, though the differences did not reach the statistical significance.
The result was confirmed by the different incidences in terms of cisplatin-related hearing disorders and tinnitus (Fig. 1B) . In fact, within the third cycle of chemotherapy, cisplatin-related hearing disorders occurred in 6 out of 8 patients (75.0%) of the Control group. Otherwise, only 2 out of 18 patients (11.1%) who took daily the supplement were affected in the same time period (P < 0.01).
Similarly, incidence of tinnitus was higher (P < 0.05) in Control group (5 out of 8, 62.5%) than in Supplemented cohort (2 out of 18, 11.1%). Tinnitus has always been referred as intense and bilateral, with varying tones more frequently acute. Only in one case belonging to the Control group, tinnitus regressed after 48 h.
Evaluation of reactive oxygen metabolite derivatives
D-ROMs were elevated in both groups before chemotherapy (400-440 U-CARR corresponding to high oxidative stress), but demonstrated a statistically different trend between groups (regression slope test, P < 0.05) throughout the chemotherapy schedule. In fact, in control cases, d-ROMs rapidly grew-up from the second cycle of chemotherapy, overtaking the value of 500 U-CARR, which corresponds to a very high oxidative stress. Otherwise, supplemented patients maintained a stable concentration of d-ROMs until the third chemotherapy cycle ( Fig. 2A) .
Evaluation of anti-ROMs
Before cisplatin treatment, the amounts of rapid anti-ROMs were just below of reference range (≥200 μEq/L) in both groups. In control cases, rapid anti-ROMs slowly decreased with the increment of cisplatin chemotherapy cycles. In supplemented patients, rapid anti-ROMs were recovered to the reference range (up to ∼300 μEq/L) since the first cycle of chemotherapy (regression elevation's test, P < 0.05, Fig. 2B ).
Otherwise, no differences between groups were found in slow anti-ROMs concentrations, which constantly decreased with the progression of the chemotherapic treatment (Fig. 2C ).
Discussion
Cisplatin is one of the most effective and widely used chemotherapeutic agents for the treatment of several solid malignant neoplasms including testicular, ovarian, bladder, cervix uteri, lung, head and neck cancers [23, 24] . Nevertheless, it exerts serious dose-limiting adverse effects, among which the ototoxicity is nowadays far to be addressed. The underlying molecular mechanism is mainly due to the enhancement of lipid peroxidation and the depletion of antioxidant systems [25] . In more detail, cisplatin induces the enhancement of NOX3 [26] and iNOS [27] expression and the consequent production of superoxides [28] . These can lead to the generation of hydrogen peroxide that, catalyzed by iron, produces hydroxyl radicals, which in turn interact with lipids in cell membranes (poly-unsaturated fatty acids) to form the highly toxic 4-hydroxynonenal [27, 29] . At the same time, superoxides can react with nitric oxides generating peroxynitrites, which form tyrosine adducts (nitrotyrosine) interacting with proteins [27] . All these events induce the reduction of both glutathione content and activity of enzymes like glutathione peroxidase, glutathione reductase, and catalase, which in turn lead to the apoptotic death of outer hair cells, tissues of lateral wall, and spiral ganglion cells [25] .
Here, we evaluated the feasibility of an antioxidant treatment to hamper the hearing impairment, frequently developed by oncological patients undergoing cisplatin chemotherapy. In particular, we administered an already commercially available dietary supplement (Acuval ® Audio), whose efficacy in preventing cisplatin ototoxicity was recently demonstrated in rats [30] .
Despite the patient numerosity allowed us to follow patients for only 3 chemotherapy courses, a significant protection against cochlear toxic damage was demonstrated in the group of supplemented patients. If compared to their respective pre-chemotherapy hearing profile, these patients suffered indeed of a limited variation (up to 6.9 dB) in their hearing threshold at acute frequencies (8 KHz). Otherwise, patients belonging to the Control group had a more pronounced worsening of hearing threshold (up to 20.0 dB; P < 0.05), which can be considered as clue of outer hair cell cytotoxicity. Anyhow, in our series, we detected significant threshold differences between the two groups in the right ear only (Fig. 1) . This is likely due to a worsen 8 KHz baseline hearing threshold in the left ear of Control group, which is higher (65.6 ± 23.0 dB) than the right ear (58.8 ± 26.6 dB), although the left and right thresholds become superimposable (left ear:
78.1 ± 19.8 dB; right ear: 78.8 ± 17.7 dB) after 3 cisplatin courses. Moreover, the daily consumption of the studied supplement greatly prevents the occurrence of hearing disorders and tinnitus (both 11.1%) if compared to those detected in control patients (75.0% and 62.5%, respectively; P < 0.01 and P < 0.05). Such results were likely achieved by hampering the typical ROS and free radical enhancements detectable in patients treated with cisplatin, whereas the prevention of tinnitus occurrences could be related to a protection against cisplatin-mediated spiral ganglion neurotoxicity. In order to validate this hypothesis, we assessed the amount of alkoxy and hydroperoxyl radicals as "derivatives of reactive oxygen metabolites" (d-ROMs) in patients' blood. Direct ROS and free radical measurement is generally difficult in plasma sample due to their high biochemical instability. Anyhow, the spectrophotometric d-ROMs test [16, 17, 18] , though challenged, is reliable and reproducible when caution is given to the sample handling (e.g. storage at −20°C). Consistently with their physiopathological condition, in our patient cohorts the average oxidative status was elevated (≥400 U-CARR). In control patients, the plasma content of d-ROMs rapidly increased to overtake the 500 U-CARR limit (meaning of very high oxidative stress) following cisplatin chemotherapy. Otherwise, patients undergoing dietary antioxidant supplementation were able to maintain stable, though elevated, their d-ROM level.
According to the assumption that decreased levels of natural antioxidants and diminished scavenging enzyme capacity may be responsible for the excess of ROS observed in cisplatin-induced toxicity [31, 32] , an inverse correlation between plasma concentrations of reactive oxygen metabolites and antioxidant compounds is likely. Thus, we assessed in patients' plasma samples the antioxidant potential in terms of iron-reducing capabilities (anti-ROMs test) [20, 21] . At the enrollment, patients were accounted of low levels of both rapid and slow anti-ROMs that can be referred to an imbalance of antioxidant defenses. As the slow anti-ROMs are mainly referable to uric acid and thiols contents, our results demonstrated that the endogenous antioxidant system was impaired in both patient groups throughout the cisplatin-based chemotherapy, without any sign of activity mediated by the supplementation. On the other hand, levels of rapid anti-ROMs are generally linked to the exogenous antioxidant system (e.g. dietary intake of vitamins) and are sensitive to the assumption of formulations intended to increase the efficiency of defense systems against oxidative insult. Consistently, a significant increment (p < 0.05) in rapid anti-ROMs content (≥200 μEq/L) was detected in patients supplemented with Acuval ® Audio. This formulation is indeed based on watersoluble coenzyme Q10 (Qter ® ) and vitamins (B1, B2, B6, B12, E), along with choline, melatonin, Ginkgo biloba extract, and Lactium ® .
As it is a mixture of several different compounds, it is difficult to discriminate the components most involved in hearing loss prevention. However, several components have already demonstrated activities against oxidative damages leading to hearing impairment. Coenzyme Q10 is a potent antioxidant by either directly scavenging free radicals or recycling and regenerating other antioxidants [33, 34] . Noteworthy, Qter ® showed enhanced bioavailability with respect to the native form [35] and demonstrated a protective effect in preventing damage to the outer hair cells of the cochlea following noise exposure [8, 10, 12] . Likewise, Ginkgo biloba extract has demonstrated to prevent gentamicin and cisplatininduced ototoxicity in both in-vitro and animal models [36, 37] , as well as to protect cochlear hair cells against ototoxicity induced by gentamicin through the reduction of ROS and nitric oxide-related apoptosis [37] . By means of both direct free radical scavenging and indirect antioxidant activity, melatonin has been shown to increase the efficacy and reduce the toxicity of a large number of drugs [38] , including the ototoxicity caused by cisplatin [39] . Also, vitamin E has been proved to exert otoprotection against drug and noise related hearing damage in several animal models [40, 41, 42, 43, 44] .
In conclusion, in this preliminary report we demonstrated the feasibility of a dietary antioxidant administration to patients undergoing cisplatin chemotherapy in order to prevent the hearing damage. Antioxidants that act as reducing agents (such as coenzyme Q10 or vitamins) do not appear to interfere with the antineoplastic activity of cisplatin [45] . However, some promising nucleophilic antioxidants (e.g.
sodium thiosulfate and N-acetylcysteine) have already demonstrated to directly interact with the chemotherapy drug, making cisplatin not able to exert its therapeutic activity [46, 47] , whereas others (e.g. D − and L −methionine) still retain the cisplatin tumor cytotoxicity, though chelating it [48] . Although the use of dietary supplements is generally free from severe side effects, a greater cohort of patients will be required to fully unravel the molecular interactions and the antioxidant activities that underlie the so far demonstrated otoprotection.
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